The emergence of clinical drug resistance is still one of the most challenging factors in cancer treatment effectiveness. Until more recently, the assumption has been that random genetic lesions are sufficient to explain the progression of malignancy and escape from chemotherapy. Here we propose an additional perspective, one in which the tumor cells despite the malignant genome could find a microenvironment either within the tumor or as a dormant cell to remain polar and blend into an organized context. Targeting this dynamic interplay could be considered a new avenue to prevent therapeutic resistance, and may even provide a promising effective cancer treatment.
Introduction
Despite the large repertoire of therapies available and the continuing efforts to incorporate new drugs into clinical practice, it is generally realized that we still have a long way to go to control cancer. This is particularly evident in patients with metastatic solid cancers, frequently resistant to first-line chemotherapy, the approach thus merely palliative, most often leading to progression of the disease and ultimate demise. Many factors conspire to limit treatment effectiveness, including restrictions in drug distribution and penetration (Jain, 1989) , and a certain degree of selectivity for the very cells drugs are designed to eradicate. One of the most challenging of these limiting factors is multidrug resistance (MDR), reflected in our lack of clear understanding of how cells evolve to ensure their survival and facilitate metastasis when challenged by therapeutic intervention.
The conventional assumption, based on single cell studies of drug-resistant clones selected after prolonged exposure to cytotoxic agents, has been that multiple mutations are sufficient to fuel both tumor growth and clinical MDR (Vogelstein and Kinzler, 2004) . Although this Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.may reflect dispersed tumor cell systems such as leukemia, there is substantial data indicating that such unicellular drug resistance mechanisms represent but one cause of the effective clinical resistance expressed by multicellular solid cancers in vivo. These tumors are more than just a clonal expansion of mutant cells; they are organ-like structures Radisky et al., 2001 ) and as such exist in intimate relationship with other cells within the tumor and the surrounding microenvironment. It is thus reasonable to hypothesize that the dynamics of this rich and ever changing ecosystem encloses additional, but crucial information for mutated genes to exert their influence, and can itself determine the overall sensitivity to anti-cancer drugs. Here we briefly describe how the solid tumor microenvironment/architecture may in fact significantly contribute to the emergence of therapeutic resistance, and discuss the possibility of targeting and manipulating this complex symbiotic interplay to overcome MDR.
Cells and their microenvironment: the reciprocal communication that defines normal and malignant contexts
Maintaining the status quo in adult tissues requires that newly generated cells adopt the appropriate fate and contribute to the structure and function of the organ to which they belong. Two-way communication therefore has emerged as the organizing principle that enables "dynamic and reciprocal" exchanges of information between cells and their surroundings (Bissell et al., 1982 . According to this model, tissues and organs are embedded in extracellular matrix (ECM)/basement membrane (BM) that provide them structural support and contextual information together with soluble factors. The model of Bissell et al. (1982) took the bidirectional cross talk between the ECM and the cell membrane (Bornstein et al., 1982) , and extended it to the level of control of gene expression, by connecting ECM-ECM receptor interactions to the cytoskeleton and to the nuclear matrix and chromatin. Indeed Bissell and Hall (1987) argued that in the last analysis the organ (or indeed the organism) is the unit of function in all organisms. Cells respond then to cocktails of soluble and insoluble signaling molecules and, in turn, tune their microenvironment. It is the result of this harmonious combination that governs tissue dynamics and function.
The importance of 'tissue interaction' to formation of organs was first hypothesized by Pander (1817) . Over a century later, seminal work of early developmental biologists demonstrated that cells of distinct embryonic lineages engage in a highly organized cross talk that ensures proper cell sorting and directs tissue and organ morphogenesis and differentiation (reviewed by Nelson and Bissell, 2006) . It is important to mention that phenotypic plasticity is implicit to this normal differentiation (Bissell, 1981) , as within an individual, genotype does not specify a strictly defined phenotype, but instead a range of phenotypic manifestations within a norm of reaction. In an example of the dominance of the microenvironment over even a potent oncogene, Dolberg and Bissell injected Rous sarcoma virus (RSV), encoding the oncogene v-src, into the wings of chick embryos, and observed the initial normal development of the embryos, despite the presence of the active oncogene (Dolberg and Bissell, 1984; Howlett et al., 1988) . However, when these same embryonic wings were removed from the greater context of the embryo, they quickly displayed a transformed phenotype in a tissue culture dish (Stoker et al., 1990) , suggesting the embryonic environment or context was dominant over the pp60 Src. This suppression was not absolute, and a profound microenvironmental change, such as the one occurring when the embryos got closer to hatching, favors aberration and disintegration in blood vessels and other tissues as was seen also in experiments of Hochedlinger et al. (2004) . Subsequent experiments showed that the wound-healing response is a critical event that creates a permissive environment also for RSV tumorigenesis in chickens (Dolberg et al., 1985) . Together, these studies demonstrated that oncogene expression was compatible with an apparently normal tissue morphogenesis in the embryo presumably since the wound healing response is different in the embryo, and that the tumorigenic phenotype could be revealed after microenvironmental perturbations, such as those induced by culturing cells on plastic with serum or wounding in the adult chicken.
Evidence of the coexistence of normal and malignant cell populations within the same tissue, without resulting in a frank malignant tumor, has been reported also in human tissue specimens. Studies of large autopsy series have revealed that the majority of middle-aged and older people who die from causes other than cancer have frequent precancerous lesions throughout their bodies (Rich, 1979; Nielsen et al., 1987; Harach et al., 1985; Folkman and Kalluri, 2004) . Analyses of 'normal' epithelial tissue adjacent to tumors have shown that similar patterns of mutations can be found in both, yet tumor growth is restrained by normal contextual cues (Deng et al., 1996; Washington et al., 2000) . These and other related findings led Bissell and Hines recently to propose the microenvironment as the attenuator of both tumor onset and malignant progression, providing a rational framework to explain why the majority of people live cancer-free lives for decades, yet harboring a number of harmful mutations they accumulate over time (Bissell and Hines, 2011) . Another example is that despite the fact that people with familial BRCA or APC mutations have these in all their cells yet they develop tumors only in a few of cells in specific organs.
If reciprocal communication between a normal context and ECM defines the normal tissue homeostasis, the opposite should also be true: abnormal context should lead to abnormal conversation allowing cells to disregard sorting rules and violate normal tissue boundaries, setting the stage for cancer progression. That this indeed is the case has long been obvious to pathologists, as judged by common reports of fibrotic tissue, ECM deposition, and immune and inflammatory infiltration, collectively called 'reactive' tumor stroma. As early as 1938, Orr observed that morphological changes in the microenvironment of the skin of carcinogen-treated mice appear long before neoplastic alterations in epithelial cells (Orr, 1938) . Subsequently, Tarin showed that complex sequential changes occur at the epithelialmesenchymal boundary during mammary tumor progression (Tarin, 1969) , and insights into the nature of these reciprocal tumor-stromal interactions have gradually accumulated. The presence of cancer-associated fibroblasts (CAFs) has been reported in many cancer types, and bidirectional CAF-epithelial interactions were shown to precede invasion and stimulate tumor growth and progression (Picard et al., 1986; Camps et al., 1990; Hayashi et al., 1990; Skobe and Fusenig, 1998; Thomasset et al., 1998; Olumi et al., 1999; Cunha et al., 2003; Bhowmick et al., 2004) . Concomitantly, cancer cells overproduce proteolytic enzymes, particularly metalloproteases (MMPs) (Chambers and Matrisian, 1997) , which generate fragments with pro-migratory and pro-angiogenic functions (Folkman and Kalluri, 2002) as well as activate cell-surface and ECM-bound growth factors (Egeblad and Werb, 2002) , reflecting the extensive crosstalk between the microenvironment and the malignant cells. Other examples include overexpression of an autoactivated form of MMP3 in mouse mammary gland epithelium where the MMP disrupts the integrity of the BM, leading to the development of a reactive stroma and eventually genomically unstable mammary tumors (Sympson et al., 1994; Thomasset et al., 1998; Sternlicht et al., 1999) . Recently, adipocytes have been recognized as important mediators of normal context disruption as well, since they produce a host of biologically active molecules that promote the inflammatory process and angiogenesis (Iyengar et al., 2005; Motrescu and Rio, 2008; Cao et al., 2010; Dirat et al., 2011) . Preference for metastatic colonization is heavily influenced also by communication between circulating tumor cells and bone marrow-derived cells (BMDCs), which home to the tumor and promote progression, escape from the tumor, survival and ultimately metastatic growth (reviewed in Joyce and Pollard, 2009 ).
Tumor microenvironment facilitates the emergence of MDR
As discussed above, tumors exist in intimate relationship with the surrounding microenvironment, and it is the dynamics of this heterogeneous and ever changing ecosystem that provides additional but crucial information for mutated genes to exert their function. In addition to initiating and supporting the tumorigenic process, a permissive microenvironment can also affect the sensitivity of tumor cells to drug treatment. The composition and organization of the ECM and stromal components contribute to marked gradients in drug concentration, increased interstitial fluid pressure and metabolic changes, all of which can strongly enhance the resistance of tumor cells to drug agents (Dang and Semenza, 1999; Heldin et al., 2004; Di Paolo and Bocci, 2007) . That the three-dimensional structure of the tissue itself could also account for tumor resistance to radiation and chemotherapy was first recognized by Sutherland and co-workers in the early 1970s. Using Chinese hamster lung fibroblasts and EMT-6 mammary tumor cells, they showed that multicellular spheroids were markedly more resistant to radiation and distinct doses of adriamycin than the same cells cultured in monolayer (Durand and Sutherland, 1972; Sutherland et al., 1979) . This finding led Teicher and colleagues to hypothesize that resistance to anticancer drugs could develop through mechanisms operative only in vivo. By deriving a series of alkylating agent-resistant variants of the EMT-6 mouse mammary tumor, they surprisingly found that those cells plated on plastic culture dishes were no more resistant than the parental EMT-6 cell line, but they would reexpress their drug resistance properties upon reinjection in mice or when grown in three-dimensional conditions (Teicher et al., 1990; Kobayashi et al., 1993) . Further work demonstrated that this rapid reappearance of resistance represents a physiological strategy of adaptation implicit to a multicellular tissue, involving cell-cell and cell-ECM interactions, and it may be one reason to explain the seemingly rapid development of drug resistance in some patients who are initially responsive to chemotherapy (Graham et al., 1994; Durand and Olive, 2001; Kerbel et al., 1996) .
Cell adhesion-mediated drug resistance (CAM-DR)
While adhesion is essential for normal cells to grow and survive, anchorage-independence for growth and survival is considered an essential feature of malignant cells (Frisch and Francis, 1994) . We demonstrated in 1995, that loss of β1-integrin-mediated adhesion in nonmalignant mammary cells leads to apoptosis and that Laminin-111 specifically was needed for survival (Boudreau et al., 1995) . Some tumor cells lose β1-integrin altogether , others dramatically upregulate the level, but driving the level down using inhibitory antibodies allows these cells to reversibly 'revert' to a 'normal' phenotype, and reduce tumor take and size appreciably despite the malignant genome (Weaver et al., 1997; Wang et al., 1998 Wang et al., , 2002 Weaver and Bissell, 1999; Bissell et al., 2005) . Adhesion to ECM via β1-integrins can also enhance the tumorigenicity and resistance of multiple myeloma and small cell lung cancer (SCLC) cells to chemotherapeutic agents doxorubicin and melphalan (Fridman et al., 1990; Sethi et al., 1999) . Conversely, preventing tumor cell adhesion by blocking integrin binding to ECM and stromal cells results in a dramatic reduction in tumor burden and increases considerably the overall survival in a mouse model of multiple myeloma (Mori et al., 2004) . The combination of this anti-adhesion approach with conventional cytotoxic melphalan proves even greater efficiency, reducing tumor load substantially more than either treatment alone. Similar observations by Park et al. (2006 Park et al. ( , 2008 show that inhibition of β1-integrin allows also for a significant reduction in tumor volume and increases sensitivity to ionizing radiation (IR) in human breast cancer xenografts. Recent work has also showed that inhibition of β1-integrin significantly increases the sensitivity of HER2-amplified breast cancer cell lines to Trastuzumab and Pertuzumab. This study has also reported dramatic differences in response to therapeutic agents for cells grown in monolayer as opposed to three-dimensional matrices, highlighting again that cellular response to drugs is context dependent (Weigelt et al., 2010) .
Simple culture models have been used to delineate specific molecular mechanisms of cell adhesion-mediated drug resistance (CAM-DR) -the term coined to describe a rapid form of drug resistance mediated by adhesion. For example, allowing adhesion of human SCLC to the ECM components fibronectin or laminin confers those cells a survival advantage under acute exposure to cytotoxic drugs, by inhibiting drug-induced apoptosis (Sethi et al., 1999) . Not unique to SCLC, resistance-promoting effects by integrin-mediated adhesion to ECM were also observed in cancers of the pancreas (Cordes and Meineke, 2003) , ovary (Maubant et al., 2002; Sherman-Baust et al., 2003) , prostate (Miyamoto et al., 2004) , breast (Aoudjit and Vuori, 2001; Menendez et al., 2005) , liver (Zhang et al., 2002 ), brain (Uhm et al., 1999) and leukemia (Damiano et al., 1999; de la Fuente et al., 2003) . Further studies in leukemia cell lines showed that β1-integrin-mediated adhesion could modulate cellular localization and availability of several apoptotic regulators (such as CASP8, c-FLIP L and BIM), preventing tumor cells from apoptosis and favoring MDR (Shain et al., 2002; . Interestingly, this mechanism of CAM-DR identified in cell culture models is consistent with patterns of low expression of apoptotic promoters in patients with resistant acute lymphoblastic lymphoma or acute myeloid leukemia (Flotho et al., 2006 (Flotho et al., , 2007 van Stijn et al., 2005) .
Integrin binding to ECM and stromal cells can also control cell cycle progression in both hematological and epithelial malignancies. Work by Hazlehurst et al. (2003) reported that G1 arrest of myeloma cells induced by β1-integrin adhesion to fibronectin correlates with upregulated levels of cell cycle regulator p27, and enhanced resistance to etoposide (Hazlehurst et al., 2003) . Later studies showed that integrin-mediated adhesion could also interfere with ubiquitin-proteasome proteolytic pathways. For example, preventing p27 proteosomal degradation induces cell cycle arrest in non-Hodgkin B cell lymphoma and hepatocellular carcinoma cell lines, leading to extreme drug resistance (Lwin et al., 2007; Fu et al., 2007) . In addition to being significantly less chemosensitive, tumor cells grown on certain ECM components show prolonged radiation-induced cell cycle arrest in contrast to cells growing on non-specific substrates (Cordes and van Beuningen, 2004; Kremer et al., 2006; Dimitrijevic-Bussod et al., 1999) . This delay appears to provide more time for DNA damage repair at distinct cell cycle checkpoints after genotoxic injury (Bartek and Lukas, 2001) . Experiments in non-tumorigenic lung endothelial and hemopoietic cancer cell lines demonstrated that integrin-ECM interactions can strongly affect the machinery of DNA damage recognition and repair (Hoyt et al., 1997; Hazlehurst et al., 2003; Jones et al., 2001) . Activation of these pathways by adhesion of tumor cells to ECM is likely to accelerate and optimize the efficacy of DNA damage repair after irradiation, providing for a more stable genome and thus cell survival.
The absence of unit tissue architecture inherent in two-dimensional (2D) cell culture systems used in the majority of the studies referred to above explains why so many of these cells do not express tissue specific functions (for review see Bissell, 1981; Bissell et al., 2005) . When normal mammary cells were cultured in a laminin-rich ECM gel (3D lrECM) (Barcellos-Hoff et al., 1989 ) the cells reorganized, and both form and function were restored. This concept was used to develop an assay that could distinguish between nonmalignant and malignant cells on the basis of their structural integrity. Whereas nonmalignant cells formed polarized growth-arrested acini in lrECM, primary breast tumor cells or breast cancer cell lines formed highly disorganized and proliferative colonies (Petersen et al., 1992; Weaver et al., 1995) . Under these conditions the balance of signaling pathways are deranged in tumor cells. Antagonizing one or more of the many signaling pathways that are deregulated in tumor cells causes them to functionally revert to a 'normal' phenotype, despite their malignant genome Weaver et al., 1997; Wang et al., 1998 Wang et al., , 2002 Kirshner et al., 2003; Weaver and Bissell, 1999; Muschler et al., 2002; Liu et al., 2004; Weir et al., 2006; Itoh et al., 2007; Kenny and Bissell, 2007; Beliveau et al., 2010) . Interestingly, there is a reciprocal interaction between any oncogenic pathway and all the rest in 3D and the changes do not occur in 2D (Anders et al., 2003) . Together, these data show that tissue architecture can override the proliferative and invasive malignant phenotype of breast tumor cells, but that reversion to a 'normal' phenotype is dependent upon sensing of the appropriate spatial and biochemical cues from the microenvironment.
The same concepts were later used to demonstrate that survival and sensitivity to drugs used in the clinic of human breast cells is dependent on cell and tissue polarity as well as integrinmediated adhesion to BM and does not correlate with the rate of growth or quiescence (Fig. 1) . Briefly, when non-malignant and malignant cells were treated with three immunomodulators (Trail peptide, anti-FAS antibody and tumor necrosis factor TNF-α) and three chemical drugs (the topoisomerase II inhibitor etoposide, the microtubule modulator paclitaxol and actin cytoskeleton disruptor cytochalasin B) on 2D, the rate of apoptosis was equivalent in both cell types with high statistical significance. However, when placed in 3D lrECM, the cells that become polarized (either non-malignant or reverted tumor cells) were resistant to all six agents, whereas disorganized cells both normal and malignant were equally sensitive. It was shown that the resistance to apoptosis depends upon the 3D organization of the acini and is functionally linked to β4-integrin-directed hemidesmosome formation and NFκB activation. Expression of a β4-integrin that lacked the hemidesmosome-targeting domain disrupted tissue polarity and triggered apoptosis by all drugs tested .
Aside from determining cell and tissue architecture, the way cell surface adhesion molecules perceive ECM also affects nuclear structure and chromatin organization. Experiments in mammary epithelial cells demonstrate that ECM can modulate the transcription of the β-casein gene by activating an ECM/response element inducing rapid histone modifications (Schmidhauser et al., 1992; Myers et al., 1998) . Studies by Maniotis et al. (1997) in fibroblasts and endothelial cells have also confirmed that alterations in surface-adhesion receptors are channeled along cytoskeletal filaments and ultimately concentrate at the nucleus to reorganize chromatin structure and gene expression. The work that followed brought the first demonstration that cells experience a complete and global reorganization of chromatin in response to a certain ECM composition and thickness (Maniotis et al., 2005; Sandal et al., 2007) . Laminin specifically, but not fibronectin or Type I collagen, greatly increased the resistance of chromatin digestion by AluI restriction enzyme in breast cancer cells. This suggests chromatin reorganization as another mechanism by which cells develop CAM-DR, particularly to drug agents that bind to or disrupt DNA.
'Forcing' malignant progression and therapeutic resistance
Cells and ECM exert positive and negative tension on each other. Cells sense force through mechanoreceptors and respond by generating mechanical tension in their actin cytoskeleton and adhesions to ECM (Ingber, 1991 (Ingber, , 1997 . This phenomenon of mechanoreciprocity maintains tensional homeostasis in the tissue and is crucial for normal tissue-specific development (Krieg et al., 2008) . Each tissue has a particular 'stiffness phenotype' and each cell type is finely tuned to the specific tissue in which it resides. An increase in ECM protein concentration, matrix crosslinking or reorientation of matrix fibrils can stiffen a tissue locally to alter cell growth or direct cell migration (Discher et al., 2005) . This has important implications for development and frequently leads to disease progression, including cancer. For example, malignant transformation of the breast has been associated with a dramatic and chronic increase in mammary gland tension and ECM stiffening (Krouskop et al., 1998; Plewes et al., 2000) (Fig. 2 ). Here we describe the variety of physical stresses experienced by transformed mammary epithelial cells (MECs) within a breast tumor, which can dramatically enhance cell growth, survival, motility, invasion, and ultimately compromise therapeutic response.
At the tissue level, actively proliferating transformed MECs exert gradually increased compression stresses in the ductal tree. Once the tension becomes large enough, the tumor mass compresses intratumoral vessels, and prevents the blood flow, producing regions of tissue hypoxia and compromising the efficacy of tumor therapy (Roose et al., 2003; Shannon et al., 2003) . Likewise, compression stress also increases the interstitial pressure, blocking tissue vasculature and lymphatic networks, and impairing drug delivery and immune cell infiltration and clearance (Jain, 2001; Padera et al., 2004) . When a tumor forms within a breast, even non-malignant cells within that breast experience fields of increased resistance force (increased stiffness) in their ECM microenvironment that alternate with pockets of high compliancy (decreased stiffness). Such fluctuations in the ECM elastic properties likely arise from the activation of resident stromal fibroblasts and infiltrating immune cells, as well as the increased deposition, processing and cross-linking of ECM proteins (Ebihara et al., 2000; Chiquet et al., 2009 ). All these changes can strongly influence the behavior of transformed MECs, either by directly activating mechanotransduction pathways or by indirectly stimulating resident mammary gland stromal fibroblasts to release various cytokines, growth factors and ECM degrading enzymes (Decitre et al., 1998; Yeung et al., 2005; Wozniak et al., 2003) . For example, increases in matrix stiffness that enhance cell contractility have been found as sufficient to induce transformation of mammary epithelial cells (Paszek et al., 2005; Samuel et al., 2011) . Conversely, a decrease in tissue stiffness by inhibition of collagen crosslinking prevents malignant growth and tumor progression in a murine model of breast cancer (Levental et al., 2009) . Increased matrix stiffness has been recently implicated also in the modulation of chemotherapeutic resistance in hepatocarcinoma cells (Schrader et al., 2011) . The relation of the biomechanical properties of the microenvironment with the emergence of therapeutic resistance is still in its infancy and requires much more attention.
Plasticity of cell phenotype and the emergence of MDR
The tumor microenvironment is extraordinarily heterogeneous: different numbers and types of infiltrating normal cells, distinct densities of blood and lymphatic vasculature, and singular composition of extracellular matrix. For this reason, cells within a given tumor are expected to experience an array of microenvironmental cues, which will in turn translate into several phenotypic manifestations. In epithelial cancers, these adaptive changes may involve, at least in part, a stepwise cycle of epithelial plasticity, governed by epithelial to mesenchymal transitions (EMT) and the reverse mesenchymal to epithelial transitions (MET). It is now believed that this state is a reversible change of cell phenotype (Petersen et al., 2003) , characterized by loose cell-cell adhesion, disruption of apical-basal polarity and cytoskeleton reorganization. Cells become isolated, motile and resistant to apoptosis (Thiery et al., 2009) . Although EMT was initially defined to support normal tissue remodeling and diversification during development, an intermediate EMT-like process, meaning transient plasticity, is also evoked during tumor progression, metastasis and recently drug resistance (Lee et al., 2006) . For instance, an EMT-like signature was identified as a determinant of insensitivity of non-small cell lung carcinoma (NSCLC) cell lines and xenografts to the small molecule-EGFR-inhibitor Erlotinib (Tarceva) (Yauch et al., 2005; Thomson et al., 2005) . These results were also confirmed in other types of tumors, such as head and neck squamous cell carcinoma (HNSCC) and hepatocellular carcinoma, as well as for treatment with other EGFR inhibitors such as Gefitinib (Iressa) (Frederick et al., 2007) and Cetuximab (Erbitux) (Fuchs et al., 2008) . The implication of EMT in therapeutic drug resistance has been increasingly reported, for example gemcitabine resistance in pancreatic tumor cell lines (Shah et al., 2007) , Oxaliplatin resistance in colorectal cancer cells (Yang et al., 2006) , Lapatinib resistance in breast cancer (Konecny et al., 2008) and Paclitaxel resistance in both breast and epithelial ovarian carcinoma (Kajiyama et al., 2007) .
Microenvironment-induced protective quiescence
The selective pressure imposed by conventional chemotherapy regimes eliminates certain cells within the tumor population. This surviving population following chemotherapy is referred to as minimal residual disease; these cells either can stay within the tumor or most likely have already found refuge in protective microenvironments in specific organs, depending on the origin of the primary tumor. These dormant cells remain in a state of quiescence until they sense signals to start a burst of growth. Failure of the initial therapy to eradicate these cells to prevent tumor recurrence is clearly one of the main barriers to effective cancer treatment. For example, the presence of bone marrow micrometastases in about 30% of patients with breast cancer at the time of diagnosis is a strong predictor of disease recurrence (Karrison et al., 1999; Bidard et al., 2008) . It is reported that 15-20% of patients still have disseminated tumor cells in the bone marrow regardless of the aggressiveness of the treatment (Wiedswang et al., 2004) . But how do some cells manage to become quiescent to survive the selective pressure of therapeutics? We suggest that, despite the malignant genome, some tumor cells can find a microenvironment to allow them to remain polar, blend into an organized context and survive in a quiescent state similar to our studies on reversion described above. Polar cells are quiescent. However, cells with reverse polarity in 3D cultures are also quiescent, and yet they die when treated with chemotherapeutic agents, whereas the polar cells do not (Gudjonsson et al., 2002; . Studies with metastatic hematopoietic, colon adenocarcinoma and breast cancer cells show that tumor-ECM interactions indeed determine a state of quiescence associated with CAM-DR (Nefedova et al., 2003; Korah et al., 2004; Schmidt et al., 2001 ). Similar observations in mouse models of breast cancer micrometastasis confirmed that microenvironments that induce dormancy harbor cells that become quiescent and tolerant to doxorubicin (Naumov et al., 2003; Goodison et al., 2003) . Further support for the concept of microenvironmental-induced quiescence comes from data from bone marrow specimens from breast, gastric and colorectal cancers, in which micrometastasis with marked signs of quiescence were found in 34% of the patient cohort (Pantel et al., 1993) . Whereas some cells interpret the microenvironment as conducive to quiescence, others may remodel and/or reproduce a microenvironment that would be permissive for growth of dormant cells. Experiments in myeloma cells showed that a dynamic interaction with their surrounding stroma allows tumor cells to proliferate in response to IL-6 stimulation while still adhered to a fibronectin matrix (Shain et al., 2009) . In vivo studies demonstrated that single mammary epithelial tumor cells can remain dormant in metastatic sites for long periods of time, but retain their ability to proliferate when transplanted to their tissue of origin (Naumov et al., 2002) . A similar switch between proliferation and growth arrest controlled by the tumor cell-microenvironment crosstalk was observed in head and neck carcinoma (Aguirre Ghiso et al., 1999) . In this model, the metastasis-associated urokinase receptor (uPAR) drives tumor growth by interacting and activating α5β1-integrins, whereas blocking this interaction results in tumor suppression due to induction of dormancy. A more detailed analysis of the mechanisms and markers of dormant cancers will be important for the choice of therapy when patients are known to have minimal residual disease.
Treating the tumor microenvironment to overcome MDR
We believe that the same mechanisms that help us not to develop more cancers (Bissell and Hines, 2011) can also help keeping dormant cells dormant (Fig. 3) . The initial attempts to reconstruct the correct microenvironment were based on co-culture assays. Analyzing combinatorial products of human prostate epithelial and fibroblast cells, Olumi et al. (1999) showed that normal stromal cells inhibit the progression to epithelial malignancy. Similarly, Javaherian et al. (1998) were able to suppress early stages of neoplastic progression of malignant keratinocytes by introducing an excess of normal keratinocytes. However, it became evident that the 3D architecture and the complex network of interactions that characterize both organs and tumors were traits simply not possible to recapitulate in traditional 2D cultures. In the last two decades, engineered animal models and 3D culture systems have become commonplace, making it possible to start dissecting the plasticity of the tumor ecosystem and mechanisms by which microenvironmental signals could lead to tumor cell reprogramming and 'reversion'. In addition to the work from Bissell laboratory described above, Hendrix and colleagues conduced a series of elegant studies elucidating the regulation of tumor cell plasticity by an embryonic milieu of human stem cells (hESCs), zebrafish or chick (Topczewska et al., 2006; Kulesa et al., 2006) . Her laboratory has also developed a 3D model to demonstrate that the microenvironment of hESCs can reprogramme aggressive melanoma cells toward a less aggressive melanocytic-like phenotype . Work from Gil Smith laboratory has demonstrated that human carcinoma cells could be redirected to produce progeny capable of typical mammary epithelial cell function by interaction with the microenvironment of a mouse mammary gland developing in vivo (Bussard et al., 2010) .
Collectively, the above observations reaffirm the dominance of tissue microenvironment and architecture over the genotype, and suggest that differentiation therapy, a concept used in treating some forms of leukemia by administration of retinoic acid, vitamin D compounds and PPARγ agonists (reviewed in Nowak et al., 2009) , may also be a powerful strategy for therapeutic intervention in solid cancers. This 'microenvironmental therapy' might potentially reverse subtle, but critical, imbalances in tumor-microenvironment interactions, and provide a higher specificity that can help minimizing collateral toxicity to normal adjacent tissues. Additionally, stromal cells are not as genetically unstable as cancer cells, and are therefore less likely to develop drug resistance. There already have been several exciting reports of success in the clinical targeting of tumor stroma. For example, inhibition of inflammatory cells and cytokines by treatment with non-steroidal anti-inflammatory drugs (NSAIDs) has been shown to lower the risk for colon and breast cancer, and might help preventing lung, oesophageal and stomach cancers (Ricchi et al., 2003) . Likewise, the angiogenesis inhibitor bevacizumab (Avastin) has proven successful in the treatment of colorectal (Salgaller, 2003) and kidney tumors (Mass et al., 2004) . However, there have been also some disappointments, such as the inefficacy and severe intolerable side effects of MMP inhibitors in patients with late-stage cancers (Stetler-Stevenson and Yu, 2001 ). This may be due to the many contradictory roles that MMPs play in modulating tumor microenvironment, and that were not taken into account when the broad-spectrum MMP inhibitors were designed (Coussens et al., 2002; Morrison et al., 2009 ). In addition, selecting patients in advanced stage of the disease is not likely to be successful.
In summary, normalizing tumor microenvironment represents an important new direction for cancer therapy. Despite the fact that the microenvironment comprises many different components, it is still possible to reduce the severity of malignant cells using a single effective agent. Of course it is best always to combine drugs that target distinct aspects of the reactive stroma with the conventional cytotoxic drugs designed the kill tumor cells, thereby treating the tumor as the organ we now recognize it to be.
Concluding remarks
We now appreciate tumors as true ecosystems, harboring a plethora of cells and stromal components that coexist and engage in dynamic and reciprocal interactions. It is the product of these interactions from a very early stage of the disease that clearly determines the fate of the tumor as well as the patient. The data we have summarized here suggests that tumor microenvironment also is a prominent shelter for the population of surviving tumor cells following initial chemotherapy. As such, the microenvironment can facilitate the development of therapeutic resistance. Given the increased knowledge of the signaling cues and components that comprise the tumor and its microenvironment, it would be important to incorporate this knowledge into organ-specific and physiological culture models of human cells together with appropriate animal models for drug testing. These systems represent the toolkit to more successfully translate fundamental research findings into therapies in the clinic, and may have great potential in providing answers before proceeding into costly clinical trials. So far, most 3D models available allow co-culture of epithelial cells only with one other cell type. Thus heterotypic culturing systems that more closely mimic the heterogeneity of the tumor microenvironment still need to be developed. Tailoring drugs to target the tumor microenvironment represents a new direction for anti-cancer drug development, and may hold significant therapeutic promise. Polarized mammary structures are resistant to apoptosis induced by chemotherapeutics. When cultured on 2D monolayer, both non-malignant (A) and malignant (B) human breast cells show a similar rate of apoptosis upon treatment with distinct immunomodulators and chemical agents. However, when placed in 3D lrECM, S-1 non-malignant cells form polarized growth-arrested acini resistant to drug cytotoxic effects (C), whereas T4-2 malignant cells appear highly disorganized, proliferative and sensitive to therapeutic drugs (D). Perturbing apical-basal polarity of S-1 acini, by treatment with E-cadherin functionblocking antibody, results in a dramatic increase of sensitivity to drug agents (E). Conversely, restoring cell and tissue polarity in T4-2 structures, by treatment with β1 Mammary gland tissue becomes increasingly stiffer during tumor progression. Each tissue has a particular 'stiffness phenotype' (stiffness measured in Pascals -Pa) and each cell type is finely tuned to the specific tissue in which it resides. For example, fat tissue is much softer than cartilage. Thus, a highly compliant matrix favors adipogenesis, whereas osteoblast differentiation is optimal on stiffer ECM. Similarly, normal mammary gland development is optimally supported by interaction of epithelial cells with a soft matrix. During tumor progression, breast tissue becomes increasingly stiffer and tumor cells become significantly more contractile and hyper-responsive to highly compliance signals. Although breast tumors are much stiffer than the normal mammary gland, the material properties of a breast tumor or any other physiological environment remain significantly softer than those of glass or plastic culture dishes. Postulated steps in drug resistance and dormancy. Cancer cells exist in intimate relationship with other cells within the tumor and the surrounding microenvironment. This dynamic coalition ensures tumor survival and proliferation, but may determine also the overall sensitivity to anti-cancer drugs. The selective pressure imposed by conventional chemotherapy regimes eliminates certain cells within the tumor population. The surviving population following chemotherapy is referred to as minimal residual disease; despite the malignant genome, these cells can find a microenvironment to allow them to remain polar, blend into an organized context and survive therapeutic insults. These protective microenvironments facilitate the development of drug resistance by distinct molecular mechanisms, including: intercellular and cell-ECM adhesion; cell communication by various soluble factors and overproduction of proteolytic enzymes; alterations in mechanosensing that disrupt tensional homeostasis in the tissue; phenotypic transitions for cells to become isolated, motile and resistant to apoptosis; and a state of protective quiescence, either within the tumor or in specific organs depending on the origin of the primary tumor. Over time, drug resistant cells develop even more permanent mechanisms of resistance (acquired resistance), and eventually cause disease recurrence and metastatic growth.
